The addition of external nanoparticles, mainly nano silica during the hydration of cement is a field of investigation in high performance cements. The added particles act as seeds and initiate early nucleation and subsequent growth of C-S-H gel. Nucleation is triggered very early, before enough clinker grains are dissolved or in other words, before the super saturation condition is attained. Hence, depending on the amount of added seed, the morphology and the mechanical properties of the product differ. Experimental studies in this area are less favored due to economic reasons and simulation studies are rare in the literature. An earlier work by some of the authors introduced a Monte Carlo model which dealt with the kinetics of the hydration process at early ages. The colloidal model incorporated random nucleation in the bulk, followed by an Avramian style layer by layer growth of 5nm sized C-S-H particles. The model was based on a Random Sequential Addition scheme and enabled a satisfactory rationalization of the early growth of C-S-H gel. In the present study, we extend this model for the addition of extra seeds and for different water to cement ratios.
INTRODUCTION
The hydration of cementitious materials is considered to take place via an initial dissolution phase followed by a dissolution-precipitation process (Bullard, et al., 2011) . The early hydration period is established to occur though a nucleation and growth process. Hence, Avrami-type nucleation and growth models are usually used to fit the calorimetric data from experiments, assuming that the hydration reaction is purely a space filling process. Even though this model gives a good description of the initial part, it fails at larger times. Another analytical model by Cahn proposing the preferential nucleation at grain boundaries was found to give a better description . In this context, simulations studies become important, since they could be used to verify the analytical results. Also, they could provide us with a visual description of the process, which helps to identify some physical processes, usually unnoticeable in the analytical models.
The present work is a continuation of the previous work from our group (González-Teresa, et al., 2013) . It basically described a nucleation and growth model, taking in to account the colloidal point of view (Jennings, 2008) (Thomas & Jennings, 2006) and the characteristic 5nm sized calcium silicate hydrate (C-S-H) particles found in the hydrated cement (Allen & Thomas, 2007) (Ficker, et al., 2011) . In the present study, we further improve this model and explore the effects of the grain surfaces and also the effect addition of extra seeds.
MODEL AND SIMULATION TECHNIQUES
Our model is based on the typical 5nm sized (diameter) C-S-H particles, and hence it is chosen as the characteristic size in our system. All lengths we present in this work are in multiples of this characteristic length denoted by d.
The simulation box is modeled to mimic the pore space in the cement paste and is constructed as follows. We start by placing a cubic box of edge length L in the space. From the center of this this cube, a random direction is chosen and a sphere (corresponding to cement grains) of a given radius
, is placed at a random
. If any part of the sphere lies inside the cube and if it does not overlap with previously placed spheres, we record the position of the sphere. Otherwise, we ignore it and repeat the process until no more cement grains could be placed due to excluded volume restrictions. After, we check the volume of the box occupied by the grains. If it corresponds to the required volume fraction, we accept the system. Otherwise the whole process is repeated from the beginning until the required volume fraction is obtained. The schematic of this procedure is given in figure 1.
The cubic box with the part of the spheres intersecting it constitutes the simulation box. From the volume fraction occupied by the cement grains g , we could calculate the local water to cement (w/c) weight ratio of the system using the relation
, where 3.15 g cm -3 is the assumed density of the cement. The system at hand with the length scale in nanometers is a much localized part of a macroscopic system with the characteristic length scale of the order of the size of the cement grains (usually in microns). Here we make a crude assumption that the grain positions we obtain belong to a well relaxed hard sphere system. Using this approximation, the properties of the grain system could be elucidated from the average distance to the nearest neighboring cement grains (Torquato, 1995) . Thus, we could approximate the packing fraction of the macroscopic system which in turn gives its w/c ratio.
For simplicity, we consider all the intended number of nuclei (the ones intrinsic to the system and the added seeds) to be present from the beginning. In Avramian description, this corresponds to the "site saturated" case. However, the existence of a characteristic nucleation time could be easily implemented. Every nucleus and the growth of C-S-H particles around it are modeled using hard spheres of the characteristic size. We also calculate the approximate surface area exposed by the grains inside the system such that we could calculate and use the surface density of the nuclei. We begin by trying to distribute the intrinsic nuclei randomly on the grain surfaces such that the desired surface density is achieved. For each nucleus to be added, we select randomly a grain surface and try to place the nuclei such that it does not overlap with any of the other particles (intrinsic nuclei, added seeds or the already grown C-S-H particles in case we use a delayed nucleation model) in the system and the grain surfaces. Also, the center of the spheres should lie inside the simulation box. This excluded volume constraint is valid for all particles in the system. No periodic boundary condition is considered for the present study. If we fail to place the nuclei in a certain number of trials (of the order of 10 4 ), we ignore it and move to the next. In the case of added seeds, we try to place them in the bulk (anywhere in the box volume) instead of the grain surfaces in a similar way, keeping all the previous excluded volume constraints. After the nucleation step, we note down the number of nuclei actually placed in the box, N nuc . A cluster construction procedure is then carried out to link the nuclei or in other words, the growing clusters to form bigger virtual clusters. For this, we define a small distance range of 10% of the particle diameter as a contact distance. When any two particles belonging to different growing clusters are within this distance, we link them to form a bigger virtual cluster. They are called virtual because the growing clusters retain their growth identity and the linking is done only in a visual sense based on their proximity. This means that different parts of the virtual cluster grow at different times, depending on the nuclei they belong to.
From here onwards, we repeat the following until a desired number steps is reached. Select N nuc times randomly a growing cluster and grow a layer of C-S-H particles around it. For this, we consider every particle belonging to the growing cluster at that point and try to place C-S-H particles around it subject to our excluded volume constraints. The selection of new particles is done in such a way that they are uniformly distributed in the spherical shell formed by the contact distance around the particle under consideration. When all the growing clusters have grown a layer around it in average, we perform the cluster construction procedure. A typical snapshot of the simulation for the seeded and non-seeded case is shown in figure 2. (Details of the simulation as follows)
For a simple study, we arbitrarily set the size of the box to be 20d (100nm) and the grain diameter to be 80d (400nm). We keep the surface density of the intrinsic nuclei a constant 0.0287 nuclei/d 2 (11.5×10 -4 nuclei/nm 2 ).We choose two different w/c ratios, Case1: Average grain occupation fraction in the box 0.43, which gives a w/c ratio 0.41 for the simulation box. From the average distance between the cement grains, the estimated bulk w/c ratio is 0.74. The surface area calculation gives in average 30 nuclei on the grain surface.
Case 2: Average grain occupation fraction 0.65, which gives a local w/c ratio 0.17. The bulk w/c ratio is estimated to be 0.49. The surface area calculation gives in average 33 intrinsic nuclei in the simulation cell.
Case 3: Same as case 1, but we add some extra nuclei/seeds in the bulk. The seed density is 0.0287 seeds/d 2 (17.5×10 -6 seeds/nm 3 ), which give about 10 seeds in the simulation cell. 
RESULTS AND DISCUSSION
Our model is supposed to give a better insight in to the cement hydration process in the nanopores of cement paste. The first thing to consider for this kind of simulation is the volume fraction of the hydration products. Figure 3 shows the evolution of the volume fraction of the grown C-S-H particles, (including that of the nuclei and added seeds, corrected for volume occupied by the grains) as a function of simulation steps. When we compare the increase for the two different w/c ratios (cases 1 and 2), we see that the appearance of hydration product is slightly faster for case2, but the final volume occupied being the same. This is an illusion coming from the fact that we consider the available volume instead of the total volume of the simulation cell. The addition of extra seeds (case 3) in the simulation cell shows a faster evolution for when compared to its non-seeded counterpart (case 1). Since these are having the similar w/c ratios, they could be directly compared. The faster increase is because of the increase in the number of growth sites due to the added seeds and their increased degree of freedom for growth. While the growth of surface nuclei is restricted by the grain surface, the added seeds the bulk can grow in all directions. This is clearly seen in figure 2, where the added seeds grow and link the cement grains, leading to an earlier connectivity and early strength development. We also notice that the final volume fraction of the hydrate is slightly higher for the seeded case, which is also experimentally observed ). In figure 4(a) , we compare the rate of appearance of the hydration products (d /dt) for case 3 (with bulk w/c ~ 0.49), with the experimental calorimetric curve of heat flow obtained for the hydration of pure Alite with a w/c ratio 0.5. In order to do this comparison, we first calculate d /d(simulation step) and the resulting data is shifted and scaled such that it has the same peak value as in the calorimetric curve. Even though the shifting and scaling parameters are completely arbitrary, we see considerable similarities in the initial deceleration regime, while it fails to capture the behavior at large times. The difference at larger times could be due to the usage of the site saturation case in our simulations, which is far from the reality.
It is well known that the accelerated growth regime of the calorimetric curve could be fitted with a space filling model, and the rate equation could be explained in general φ simulation steps non seeded case non seeded case seeded case using an Avrami type equation. In these theoretical and analytical models, the w/c ratio is not considered. But, our model is built to account for the w/c ratio. A comparison of the w/c ratio effects on the rate curve is given in figure 4(b) . For the comparison, we use case 3 as the reference and employ the same shifting and scaling parameters used in creating figure 4(a) . The comparison shows a slower deceleration for case 1, over a longer time range. This is because of the increased pore space due to higher w/c ratio, where the hydrates continue to grow. While for case 2, the growth is slowed down very soon due to quicker filling of the smaller pores. This is also one of the reasons for the initial increase in the rate compared to case 1, the other being the slightly increased number of surface nuclei. Figure 4(b) also compares the effect of seeding for a given w/c ratio of 0.74. The curve corresponding to seeded case (case 3) is also scaled using the same parameters used for case 2. We see that the rate curve is quite different for the seeded case, where the growth rate is initially much higher and then follows a faster deceleration compared to the non-seeded one. As noted before, the added seeds have an increased degree of freedom for growing a layer of C-S-H particles around it. This difference, when combined with the relative increase in the number of growth sites contribute to the higher initial rate. However, after a short while when the added seeds have grown a considerable size, they start to obstruct the growth of the intrinsic nuclei and other seeds. This causes the growth to slow down, while in the non-seeded case, this happens very late. Also due to the uniformity in the growth (all nuclei being on the grain surface) a more gradual decrease is observed. This behavior is visible in figure  2 (step5) , where we can still see some exposed grain surface in the seeded case due to the blocking effect of the seeds. Whereas the in the non-seeded case, the grain surface is more or less uniformly covered by C-S-H particles and the nuclei are growing away from the surface. The similarity of the growth curve of case 2 with case 3 is a mere coincidence arising from the decrease in the available space for case 3 compensating for the growth rate. Considering the nuclei/seeds as growing clusters gives us the degree of clustering
where N v is the number of virtual clusters at a given simulation step. At small times, when the clusters are far apart, we get p=0. As the growing clusters come in to contact, p increases and at large time when there exists only a single cluster, p=1. Figure 5 shows p plotted as a function of the rescaled time we obtained while constructing figure 4b. From this, we get an idea of how fast the clusters merge and in turn a qualitative idea about the cement setting. We believe this quantity is quite unreliable, unless strict comparisons are made with experiments. As seen from figure 5(a), the increase in p is almost identical for all the presented cases. Case 1 however is slightly delayed. This actually comes from the difference in the cement grain distribution. For higher w/c ratio, the possibility of having more cement grains around a pore is higher. For example, in figure 2 there are three grain surfaces present inside the simulation cell. Initially when growth occurs on the surface, the clusters on the surface merge. However, to reach the clusters on the grains across the simulation cell, they have to grow for longer times and hence the lag. While for the lower w/c ratio, the proximity of grains and for the seeded case, the seed growth causes a slightly faster increase.
Another quantity of interest is the maximum number of grain links (the number of cement grains a virtual cluster is connected to) obtained at a given time normalized to the number of grain surfaces in the simulation cell ( figure 5(b) ). This is a measure of a non seeded case non seeded case seeded case p time b non seeded case non seeded case seeded case time the connectivity of the grains. This quantity reaching 1 means that there is at least one cluster, which has contact with all of the grain surfaces. This could also be qualitatively linked to the setting and strength development during cement hydration. The variation of this quantity as a function of w/c ratios and due to the seed could be clearly understood using the same concepts as before.
CONCLUSION AND PERSPECTIVES
The present work introduces an improved method for the study of cement hydration, taking in to account the colloidal nature of the C-S-H particles and w/c ratio. The preliminary results appear to be quite promising and the model is able to capture the development of C-S-H gel formation at earlier ages. Also, preliminary efforts to investigate the setting and strength development under various cases seem to be qualitatively agreeable. This model could be easily extended to explore other properties, while also providing comparison with analytical results.
